The effects of cholesterol-lowering drugs, including those that reduce cholesterol synthesis (statins) and those that reduce cholesterol absorption (ezetimibe), on cholesterol absorption and synthesis are well understood. PCSK9 inhibitors are a novel class of cholesterol-lowering drugs that robustly reduce LDL-C, but little is known about their effects on cholesterol absorption and synthesis. We evaluated how treatment with evolocumab, a fully human monoclonal IgG2 antibody to PCSK9, affects markers of cholesterol synthesis and absorption by measuring these markers in patients from an evolocumab clinical trial. At 2 weeks, changes in β-sitosterol/TC from baseline were 4% for placebo, 10% for evolocumab 140 mg (nonsignificant vs placebo), and 26% for evolocumab 420 mg (p<0.001 vs placebo). Changes in campesterol/TC at week 2 relative to baseline between placebo and evolocumab were all nonsignificant. Evolocumab had a modest effect on markers of cholesterol synthesis. At 2 weeks, changes in desmosterol/TC were 1% for placebo, 7% for evolocumab 140 mg (nonsignificant vs placebo), and 15% for evolocumab 420 mg (p<0.01 vs placebo). Changes from baseline in lathosterol/TC at week 2 between placebo and evolocumab were nonsignificant. These results suggest evolocumab has a modest effect on cholesterol synthesis and absorption despite significant LDL-C lowering.
INTRODUCTION
Lowering plasma cholesterol, including LDL-C, has been shown to reduce cardiovascular events (1, 2) . Plasma cholesterol concentrations reflect the homeostasis achieved between cholesterol input (endogenous cholesterol synthesis as well as dietary absorption) (3) (4) (5) and output (cholesterol catabolism, particularly as bile acids) (6) . Cholesterol synthesis and absorption can be measured using biomarkers (3) .
Specifically, plasma concentrations of the cholesterol precursors lathosterol and desmosterol are markers of cholesterol synthesis while plasma concentrations of the plant sterols β-sitosterol and campesterol are markers of cholesterol absorption (7) (8) (9) .
The effects of cholesterol-lowering agents, including both those that reduce cholesterol synthesis (statins) and those that reduce cholesterol absorption in the intestines (ezetimibe), on markers of cholesterol absorption or synthesis have been evaluated in many studies (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . Ezetimibe has been shown to reduce cholesterol absorption markers while increasing cholesterol synthesis markers (15) (16) (17) (18) (19) (20) .
For example, ezetimibe therapy resulted in a 49% reduction in the campesterol/Total cholesterol (TC) ratio and a 54% increase in the lathosterol/TC ratio (16) . The increase in synthesis markers suggests a compensatory mechanism resulting from the inhibition of cholesterol absorption, which may limit the degree of cholesterol lowering that can be achieved with ezetimibe.
Conversely, statins have been shown to reduce cholesterol synthesis markers but increase cholesterol absorption markers (10) (11) (12) (13) (14) (15) (16) (17) (18) . For example, in patients receiving a maximal dose of either rosuvastatin or atorvastatin, the lathosterol/TC ratio was reduced by 64% and 68%, respectively, consistent with decreased cholesterol synthesis (12). Additionally, cholesterol absorption increased with statin treatment as evidenced by an increase in the campesterol/TC ratio of 52% (rosuvastatin) and 72% (atorvastatin) (12). The increase in cholesterol absorption following statin treatment suggests a compensatory mechanism for the statin-induced decreased cholesterol production, which again may limit the degree of cholesterol lowering that can be achieved with statins. Indeed, in hypercholesterolemic patients, ezetimibe added to existing statin therapy resulted in additional LDL-C lowering of 29%, 25%, and 23% in high-, medium-, and low-dose statin groups, respectively (18) . Furthermore, those receiving high-dose statins by guest, on August 28, 2017 www.jlr.org Downloaded from 4 showed the greatest reduction in cholesterol absorption markers and lowest increase in synthesis markers following the addition of ezetimibe (18) .
Statins have also been associated with an elevation in proprotein convertase subtilisin/kexin type 9 (PCSK9) plasma concentrations (22) , and PCSK9 has been shown to increase intestinal lipoprotein production through a variety of mechanisms, including increased apoB stability, activation of microsomal transfer protein (MTP), increased lipidogenesis, and upregulation of NPC1L1 (23) . Following statin treatment, there is also an increase in intestinal cholesterol absorption (24) . Thus, the statin-induced compensatory increase in intestinal cholesterol absorption may be at least partially mediated by an increase in PCSK9. PCSK9 inhibitors such as evolocumab represent a novel class of cholesterollowering therapies. Evolocumab is a fully human monoclonal IgG2 antibody that binds specifically to PCSK9, prevents its interaction with the LDL receptor (LDL-R), and promotes LDL-R recycling. This, in turn, increases LDL-C uptake and clearance by LDL-Rs located on hepatocytes (25) . Evolocumab has been shown to significantly reduce LDL-C in a number of different patient populations and as monotherapy or in combination with a statin (26-33), but little is known about how PCSK9 inhibition affects markers of cholesterol absorption and synthesis. Here, in this post-hoc exploratory analysis, we evaluated how treatment with evolocumab affects cholesterol synthesis and absorption by measuring markers of cholesterol synthesis and absorption in patients from the phase two evolocumab monotherapy clinical trial, MENDEL (33) .
by guest, on August 28, 2017 www.jlr.org
Downloaded from

MATERIALS AND METHODS
MENDEL study design and patients
Plasma samples for biomarker analysis were collected from hypercholesterolemic patients who were not taking any lipid-lowering agents and who were enrolled in a 12-week phase 2 evolocumab monotherapy trial (33) . Patients were randomized 1:1 to one of nine treatment groups: subcutaneous (SC) placebo once every 2 weeks (Q2W) or every month (QM), SC evolocumab 70 mg Q2W, 105 mg Q2W, 140 mg Q2W, 280 mg QM, 350 mg QM, or 420 mg QM, and oral placebo or ezetimibe 10 mg once daily (QD). Thus, all patients received injections (placebo or active drug) and all patients received oral placebo or active ezetimibe. Plasma was collected prior to study drug administration (day 1) and on weeks 2, 4, and 12 (Figure 1 ). For the analysis reported here, we focused on the 140 mg and 420 mg doses and the week 2 and week 12 time points. Complete data sets including all time points and doses are included in the supplementary information. The study protocol was approved by an independent ethics committee or institutional review board at each study center, and all patients provided written consent prior to the initiation of study procedures.
Measurement of cholesterol and plasma sterols
Plasma samples stored at -80°C were sent on dry ice to Boston Heart Diagnostics (Framingham, MA) for the measurement of plasma sterols by gas-liquid chromatography, as previously described (19). Samples were measured for β-sitosterol, campesterol, desmosterol, and lathosterol. Measurement of TC was performed by a central laboratory after a > 9-hour fast (Medpace Reference Laboratories, Cincinnati, OH, USA and Leuven, Belgium) (33) . Absolute concentrations of each sterol were recorded and analyzed. The ratio of each sterol to TC was calculated, which is a common practice as plasma sterols are associated with circulating lipoproteins (8) .
Data analysis
In this exploratory analysis, samples with sterol concentrations below the lower limit of quantification (LLoQ), were imputed with the value of the LLoQ. For complete details on the number of samples with imputed values, please refer to the supplementary file. Data from placebo patients were pooled as one by guest, on August 28, 2017 www.jlr.org Downloaded from cohort since there was no expectation that sterol concentrations would differ between those receiving placebo every two weeks or every four weeks, and LDL-C and TC were not different between these groups (31) . Absolute concentrations of each sterol and the sterol/TC ratios were log transformed prior to all analyses.
For data over time analyses, each log transformed marker was analyzed using a repeated-measures mixed-effects model. The independent variables were treatment group, day, and the treatment group by day interaction. Log-transformed baseline marker data were included as a covariate and patient was included as a random effect. For each treatment group by day combination, least square geometric mean (LSGM), LSGM ratios to baseline, percentage change from baseline, and the ratio to placebo along with 95% CIs and P values for the null hypothesis of no difference from placebo were calculated. Additionally, the ratio to ezetimibe was calculated and an additional null hypothesis of no difference from ezetimibe was evaluated.
Pearson's correlations were evaluated for the assessment of associations between log transformed baseline markers and the LDL-C response at week 2 and changes in absorption marker data and changes in synthesis marker data at week 2. Percent change from baseline in LDL-C at week 2 was used for correlations by treatment group, and dose-adjusted percent change in LDL-C at week 2 (percent change minus mean dose percent change) was used for correlations combining all evolocumab doses. As the greatest reduction in LDL-C was observed during the study at week 2, the week 2 time point was chosen for calculating these changes from baseline.
A level of 0.05 was considered significant for all analyses and since the analyses were exploratory in nature no correction for multiplicity was made.
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RESULTS
Baseline Characteristics and Lipid Results
Complete baseline demographics and lipid data from this trial have been reported previously (33) .
Levels of baseline markers of cholesterol absorption and synthesis, including plasma sterol concentrations, were comparable across all treatment groups (Table 1, SupplementaryTable 1).
In this study, LDL-C was reduced by 39% to 51%, and TC was reduced by 27% to 34% relative to baseline after 12 weeks of evolocumab therapy (33) .
Effects of evolocumab on cholesterol absorption markers
Consistent with reductions in TC, absolute concentrations of β-sitosterol and campesterol were reduced from baseline in a dose-dependent manner, and were significantly lower at week 2 compared with placebo following treatment with evolocumab (p < 0.001; Table 2, Supplementary Table 2 , Supplementary Figure 1) . However, when data were expressed as a ratio to TC to account for the clearance of β-sitosterol and campesterol associated with the clearance of circulating lipoproteins, treatment with evolocumab as a monotherapy resulted in increases in these ratios from baseline. Mean percent changes from baseline to week 2 for β-sitosterol/TC were placebo: 4%, evolocumab 140 mg: 10%
(not significant, n.s. vs placebo), and evolocumab 420 mg: 26% (p < 0.001 vs placebo)). Values for campesterol/TC were placebo: 9%, evolocumab 140 mg: 4% (n.s. vs placebo), and evolocumab 420 mg: 22% (n.s. vs placebo) (Table 2, Figure 2) . After 12 weeks, changes relative to baseline for β-sitosterol/TC were: placebo: 1%, evolocumab 140 mg: 15% (p < 0.05 vs placebo), and evolocumab 420 mg: 16% (p < 0.01 vs placebo)), and campesterol/TC: placebo: 2%, evolocumab 140 mg: 6% (n.s vs placebo), and evolocumab 420 mg: 14% (n.s vs placebo) (Figure 2, Supplementary Table 3 ). These effects were in contrast to the decreases observed in patients receiving ezetimibe alone (Table 2, Figure   2 , Supplementary Table 3, Supplementary Figure 1) .
Effects of evolocumab on cholesterol synthesis markers
As with the absorption markers, reduction in the absolute concentration of synthesis markers mirrored the reductions seen in TC. Absolute concentrations of both cholesterol synthesis markers, lathosterol and When normalized as a ratio to TC, 2 weeks of treatment with evolocumab resulted in no significant changes from baseline compared to placebo for lathosterol/TC (placebo: 2%, evolocumab 140 mg: -1%, and evolocumab 420 mg: 2%), but did result in some significant increases compared to placebo in desmosterol/TC (placebo: 1%, evolocumab 140 mg: 7% (n.s. vs placebo) , and evolocumab 420 mg: 15% (p < 0.01 vs placebo) (Table 2, Figure 3) . By week 12, no significant increases from baseline compared to placebo in lathosterol/TC were observed (placebo: -3%, evolocumab 140 mg: 4%, and 420 mg: 9%) but some increases compared to placebo in desmosterol/TC (placebo: 1%, evolocumab 140 mg: 10% (n.s. 
Relationship between baseline cholesterol absorption and synthesis markers and achieved LDL-C
Following evolocumab treatment, a positive correlation was noted between baseline levels of cholesterol absorption markers and the dose-adjusted percent change in LDL-C at week 2 for β-sitosterol (r = 0.17, p = 0.009; Figure 4A , β-sitosterol_TC (r = 0.13, p = 0.05; Figure 4B ) and campesterol (r=0.13, p=0.05; Figure 4C ), while baseline levels of cholesterol synthesis markers were shown to have a negative correlation between desmosterol/TC ratio and LDL-C (r = -0.18; p = 0.005; Figure 4D ). No significant correlations were observed for 140mg or 420 mg dose groups. No significant correlations were seen following treatment with ezetimibe or placebo. Correlations between changes in absorption and changes in synthesis markers are detailed in the supplementary information (Supplementary Tables 6 and 7 ).
DISCUSSION
Reduction of plasma LDL-C remains a mainstay of cardiovascular disease treatment and prevention.
Monoclonal antibodies against PCSK9, such as evolocumab, represent a novel treatment option to by guest, on August 28, 2017 www.jlr.org Downloaded from robustly reduce circulating levels of LDL-C. As studies with statins and ezetimibe have shown, pharmacologic reductions in LDL-C resulting from reduced cholesterol synthesis or absorption can lead to compensatory responses. Because of these observations, we sought to evaluate if treatment with evolocumab would affect levels of cholesterol absorption or synthesis biomarkers. To our knowledge, this is the first manuscript describing the effects of PCSK9 inhibition on markers of cholesterol absorption and synthesis in human patients.
Following treatment with evolocumab, we observed reductions in the absolute concentrations of both synthesis and absorption markers in a dose-dependent manner. This was in contrast to ezetimibe-treated patients who showed reductions in the absolute concentrations of absorption markers and increases in the absolute concentrations of the synthesis markers. Though not tested here directly, previous studies have shown that absolute concentrations of synthesis markers are significantly reduced by statins, while the absolute concentration of absorption markers are increased (11-13, 16, 17) .
However, as changes in both cholesterol synthesis and absorption markers correlate strongly with changes in TC, it is not unexpected that absolute concentrations of these markers would decrease in the setting of robust cholesterol reductions. In order to account for the significant reductions in TC that occur with evolocumab therapy, the ratio of cholesterol absorption and synthesis markers to TC was also evaluated as is routinely done in these studies where significant changes in cholesterol occur with pharmacological intervention. Following treatment with evolocumab, we observed increases in the β-sitosterol/TC and campesterol/TC ratios ranging from 4%-26%. These increases only achieved statistical significance compared with placebo for β-sitosterol/TC at week 12 for the 140 mg dose and at weeks 2 and 12 for the 420 mg dose. These relatively modest increases in cholesterol absorption markers/TC ratio differ significantly from the much higher elevations (up to 96% increase)(10) in cholesterol absorption markers/TC seen with maximal doses of statins. These modest increases are also in contrast to what we observed in ezetimibe-treated patients, where we observed decreases in the β-sitosterol/TC and campesterol/TC ratios, consistent with ezetimibe's known mechanism of action of decreasing cholesterol absorption. These results suggest that while the significant LDL-C lowering that occurs with evolocumab by guest, on August 28, 2017 www.jlr.org Downloaded from monotherapy may be associated with a slight increase in cholesterol absorption, the increase is much less than that seen with statins.
Evolocumab treatment had a small impact on markers of cholesterol synthesis. The ratios of lathosterol/TC and desmosterol/TC remained essentially unchanged or were slightly increased, especially as measured by desmosterol. The slight increase in synthesis of 15-16% observed in the 420 mg cohort for desmosterol/TC is somewhat surprising given that one would expect an increase in hepatic free cholesterol given the degree of LDL-C lowering observed at this dose. Although not measured in this study, an increase in free cholesterol secretion into the bile may account for this observation and should be followed up on in future studies. The modest effects on synthesis markers are in contrast with the increases in cholesterol synthesis markers seen in ezetimibe-treated patients and the decreases in these markers that have been reported with statins (10) (11) (12) (13) (14) (15) (16) (17) (18) . These data indicate that the LDL-C reductions seen with evolocumab treatment are not due to decreased cholesterol production and that evolocumab, unlike ezetimibe, does not induce a compensatory response of increased cholesterol synthesis. Thus the mechanism of decreased LDL-C with evolocumab is due to increased catabolism rather than decreased production of cholesterol.
Finally, we observed that higher baseline cholesterol synthesis (as evidenced by higher desmosterol/TC ratios) and lower baseline cholesterol absorption (as evidence by lower β-sitosterol, β-sitosterol/TC, and campesterol at baseline) were associated with greater LDL-C lowering with evolocumab, although this association was modest (r = -0.18 for synthesis and r = 0.13 to 0.17 for absorption). Given this weak association, patients are expected to have a similar degree of LDL-C reduction with evolocumab treatment regardless of their baseline rates of cholesterol production or absorption, and it is not necessary to measure these prior to treatment.
In conclusion, evolocumab as monotherapy resulted in marked TC and LDL-C lowering. Evolocumab had a modest effect on markers of cholesterol absorption and synthesis, and baseline levels of cholesterol synthesis or absorption were weakly correlated with the degree of LDL-C lowering seen with evolocumab by guest, on August 28, 2017 www.jlr.org
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